Temperature affects the expression of the three different nitrogenases in Azotobacter vinelandii. Molybdenum repressed the vnpI and anif operons relatively more at 30°C than at 20°C; at 14°C molybdenum did not repress these genes at all. Similarly, V repressed the anf operon at 30°C but not at 20 or 14°C. Mo was poorly transported into cells grown at the lower temperatures. A. vinelandii thus has the potential to synthesize any of the three nitrogenases at 14 to 20°C regardless of the presence of Mo or V. Azotobacters are free-living, aerobic diazotrophs capable of growth at a broad range of temperatures. They have been isolated from a variety of tropical, temperate, and polar environments (1, 4, 12, 28, 32) . Azotobacter vinelandii can synthesize three structurally similar nitrogenase enzymes (23) encoded by three different sets of structural genes: ni/IIDK encodes subunits of molybdenum nitrogenase (5), vnfH vnfDGK encodes vanadium nitrogenase (15, 26) , and anfHDGK encodes the third nitrogenase subunits (14, 24) . Like the Mo and V enzymes, the third nitrogenase contains iron, but no significant amounts of other metals have been detected in purified preparations. Other gene products necessary for molybdenum nitrogenase activity include ni/ENUSVMZW, located in a cluster of nifgenes along with ni/fHDK (9), and also ni/B, which is not linked to the major cluster in A. vinelandii (13). While nifEN are apparently required only for Mo nitrogenase activity, nifUSVM and nifB are necessary for all three nitrogenases (13, 16, 17a, 18).
Azotobacters are free-living, aerobic diazotrophs capable of growth at a broad range of temperatures. They have been isolated from a variety of tropical, temperate, and polar environments (1, 4, 12, 28, 32) . Azotobacter vinelandii can synthesize three structurally similar nitrogenase enzymes (23) encoded by three different sets of structural genes: ni/IIDK encodes subunits of molybdenum nitrogenase (5), vnfH vnfDGK encodes vanadium nitrogenase (15, 26) , and anfHDGK encodes the third nitrogenase subunits (14, 24) . Like the Mo and V enzymes, the third nitrogenase contains iron, but no significant amounts of other metals have been detected in purified preparations. Other gene products necessary for molybdenum nitrogenase activity include ni/ENUSVMZW, located in a cluster of nifgenes along with ni/fHDK (9) , and also ni/B, which is not linked to the major cluster in A. vinelandii (13) . While nifEN are apparently required only for Mo nitrogenase activity, nifUSVM and nifB are necessary for all three nitrogenases (13, 16, 17a, 18) .
The reason for A. vinelandii having three nitrogenases is not well understood. The repression by Mo of synthesis of the V and third nitrogenase proteins (3, 10) and by V of the third nitrogenase (7) might indicate that they provide a capacity for nitrogen fixation in metal-deficient soils. Miller and Eady (21) showed that the V enzyme is more effective than Mo nitrogenase in reducing N2 to NH3 at low temperatures (5 to 10°C), suggesting that V nitrogenase might have a role in low-temperature conditions. This prompted us to examine the ability of Mo and V to regulate expression of ni/H, vnfH, and an/H genes, using lacZ fusions in each operon, at temperatures below 30°C. Transcriptional lacZ fusions were constructed in A. vinelandii ni/Hl, vn/H, and an/H genes as follows. For ni/H, a promoterless lacZ-Kmr Smr cartridge was cloned into a BgIIl site (Fig. 1) . For vnfH, the lacZ-containing transposon TnS-B21 (30) was inserted on plasmids carrying these genes in the Sup' strain Escherichia coli JC5466 (Fig. 1) . TnS-B21 was also used to make an anfH-lacZ fusion in pMJH5 (33) to give pJW8. These lacZ fusion plasmids, which are incapable of replicating in A. vinelandii, were transformed into competent cells of strain UW136 (2, 22 (8) with Fe [30 ,iM Fe2(SO4)3] (NIL medium) and urea at 2 mM as a nitrogen source that does not repress nitrogen fixation. Na2MoO4 (1 ,uM; Mo medium) or V205 (100 nM; V medium) was added where indicated. Cultures at 30°C were grown for 14 to 17 h, whereas those at low temperatures were incubated for longer times until they reached approximately the same cell density as the 30°C cultures (optical density at 600 nm of 1 to 1.5). After this initial growth, cells were suspended in medium without urea and incubated for a further 6 h at the same temperatures as before. Samples of 100 RI were lysed with 0.1% sodium dodecyl sulfate and chloroform and assayed at 30°C as described by Miller (20) . The results shown in Table 1 are the mean values and standard deviations from four to six independent experiments.
At 30°C, the P-galactosidase specific activity in the nifHlacZ fusion strain was more than 10-fold higher when Mo was present, although expression in NIL or NIL plus V was significantly above background levels. In this case, background levels were To determine whether the inability of Mo and V to repress expression of the vnfH and anfH operons at lower temperatures was due to decreased transport of these metals, cultures were grown in NIL-urea (10 mM) medium at the three temperatures. NaMoO4 and V205 were added at 200 nM, 10-ml samples were removed at various times, and the cells were centrifuged. The amounts of Mo and V in the pellets were measured by spectrophotometric assay (27, 31) . The cultures grown at 30°C accumulated three times as much Mo as did those grown at 20 or 14°C (Fig. 2) 
